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Abstract Papaya (Carica papaya L.) is a major tree fruit
crop of tropical and subtropical regions with an esti-
mated genome size of 372 Mbp. We present the analysis
of 4.7% of the papaya genome based on BAC end
sequences (BESs) representing 17 million high-quality
bases. Microsatellites discovered in 5452 BESs and
flanking primer sequences are available to papaya breed-
ing programs at http://www.genomics.hawaii.edu/
papaya/BES. Sixteen percent of BESs contain plant
repeat elements, the vast majority (83.3%) of which are
class I retrotransposons. Several novel papaya-specific
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repeats were identified. Approximately 19.1% of the
BESs have homology to Arabidopsis cDNA. Increasing
numbers of completely sequenced plant genomes and
BES projects enable novel approaches to comparative
plant genomics. Paired BESs of Carica, Arabidopsis, Pop-
ulus, Brassica and Lycopersicon were mapped onto the
completed genomes of Arabidopsis and Populus. In gen-
eral the level of microsynteny was highest between
closely related organisms. However, papaya revealed a
higher degree of apparent synteny with the more dis-
tantly related poplar than with the more closely related
Arabidopsis. This, as well as significant colinearity
observed between peach and poplar genome sequences,
support recent observations of frequent genome rear-
rangements in the Arabidopsis lineage and suggest that
the poplar genome sequence may be more useful for elu-
cidating the papaya and other rosid genomes. These
insights will play a critical role in selecting species and
sequencing strategies that will optimally represent crop
genomes in sequence databases.

Keywords Bacterial artificial chromosome - Carica
papaya - Comparative genomics - Microsatellite -
Genome mapping

Abbreviations BAC: Bacterial artificial chromosome -
BES: BAC end sequence - kb: Kilobase - Mbp: Megabase
pairs - MYA: Million years ago - nt: Nucleotide -

SSR: Simple sequence repeat

Introduction

Papaya (Carica papaya L.) is a major tree fruit crop of
tropical and subtropical regions, where it is grown pri-
marily for the fresh fruit market. At only 372 Mbp
(Arumuganathan and Earle 1991), the genome of papaya
is at least 10% smaller than that of rice, the only com-
pletely sequenced crop plant to date. The small genome
size of papaya and the fact that it can produce fruit in as
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few as 9 months make it a potential model organism for
fruit-producing tree crops (Ming et al. 2001). An added
incentive to analyze this particular plant genome is pro-
vided by the recent identification of a primitive sex chro-
mosome in papaya (Liu etal. 2004), which has
commercial implications, as hermaphrodites have pre-
ferred agronomic characteristics.

BAC libraries, constructed with vectors that can sta-
bly hold inserts of up to 300 kb, have become important
tools in crop genomics and have been used to construct
physical maps (Chen et al. 2002), map genes of agricul-
tural importance (Lange and Presting 2004), perform
comparative genomics between crop species (O’Neill and
Bancroft 2000; Ilic et al. 2003) and analyze genome struc-
ture by fluorescence in situ hybridization (Cheng et al.
2001). BAC libraries of many important crop genomes
including rice, maize, tomato, sorghum, wheat and soy-
bean have been constructed. Recently, Ming et al. (2001)
reported construction of a papaya BAC library, contain-
ing 39,168 clones and estimated to represent 13.7 genome
equivalents, from the Hawaiian papaya cultivar “Sun
Up”, using the restriction enzyme HindIII and the vector
pBeloBACI11 (Shizuya et al. 1992).

BAC end sequence data are an important component
of scaffolds used for the sequencing of large eukaryotic
genomes. Physical maps constructed from BACsS,
together with associated end sequence information, can
be used to sequence genomes by ‘walking’ from one clone
to the next (Rice Chromosome 10 Sequencing Consor-
tium 2003) or to anchor whole genome shotgun sequence
data (Goff et al 2002). In addition, BAC end sequences
provide a first glimpse of the sequence composition of an
unsequenced genome (Mao et al. 2000; Zhao et al. 2001;
Hong et al. 2004) and yield molecular markers useful for
genetic mapping and breeding (Tomkins et al. 2004).

Here, we report the analysis of 50,661 BAC end
sequences, which provide a first glimpse into the
sequence composition of the papaya genome. Our analy-
sis focuses on microsatellite contents, repeat element
composition, protein-coding regions and comparative
mapping of BAC-end sequence pairs to other sequenced
plant genomes. The annotated BAC-end sequences will
serve as useful resources for physical mapping, positional
cloning, genetic marker development and genome
sequencing of papaya.

Methods
Papaya BAC end sequencing

BAC DNA was isolated using R.E.AA.L. Prep 96
(QIAGEN, CA, USA) according to manufacturer’s
guidelines, cycle sequenced with ABI BigDye Terminator
v3.1 (ABI, CA, USA), and analyzed on ABI 3700 and
ABI 3730 x1 DNA Analyzers (ABI). Base calling of chro-
matograms and trimming of BAC end sequences were
performed with PHRED software (Ewing et al. 1998;

Ewing and Green 1998) using the default trimming cutoff
value. PHRED output was converted into FASTA for-
matted sequence files using PHD2FASTA, and pBelo-
BACI11 cloning vector sequence was masked with
CROSS_MATCH (http://www.genome.washington.edu).
Terminal CROSS_MATCHed vector sequences were
trimmed, and BESs shorter than 50 bp were eliminated.
These non-redundant high-quality papaya BAC-end
sequences were used in subsequent analyses.

Simple sequence repeats

For computational microsatellite detection, bases with
PHRED quality value of less than 20 were converted to
‘N’s. Trimmed, high-quality papaya BAC-end sequences
were scanned with all combinations of mono-, di-, tri-,
and tetra-nucleotides to identify simple sequence repeats
(SSRs). All SSRs spanning 12 or more nucleotides were
recorded. Offset patterns (e.g. TATA and ATAT) were
recorded only once based on repeat length and identity
of the first base. PRIMER3 software (Rozen and Skalet-
sky 2000; code available at http://fokker.wi.mit.edu/
primer3/) was used to design flanking PCR primer pairs
with an optimal length of 20 bases, a GC percentage of
40-60% and a product size of 100-500 bp. If multiple
SSRs were identified in a single BES, the SSR most use-
ful for mapping was identified based on, in order of pri-
ority, (1) our ability to design flanking primers, (2)
longest SSR and (3) minimum amplicon size.

Repeat analysis

After masking simple sequence repeats, BAC end
sequences were compared with the The Institute for
Genomic Research (TIGR) plant repeat databases (ftp://
ftp.tigr.org/pub/data/TIGR_Plant_Repeats/) containing
30,481 non-redundant annotated plant repeat sequences,
using TBLASTX (Altschul et al. 1990) at an E value
cutoff of 107*. A detailed listing of specific plant repeat
databases used is available at http://www.genomics.
hawaii.edu/papaya/BES/. BAC-end sequences were
annotated using the best match in the repeat database
and classified based on the TIGR Codes for Plant Repet-
itive Sequences table (http://www.tigr.org/tdb/e2k1/plant.
repeats/repeat.code.shtml). To identify BACs derived
from the papaya chloroplast, all high-quality BESs were
screened with the Arabidopsis thaliana plastid genome
(NC_000932.1) using BLASTN with an E value cutoff of
10~ and requiring an alignment length of at least 100
nucleotides and an identity of > 90%.

Annotation

High-quality BAC-end sequences with no homology to
the repeat database and with SSR regions masked were
compared to the August 26, 2004 A. thaliana cDNA data-
base (TIGR, ftp:/ftp.tigr.org/pub/data/a_thaliana/athl/
SEQUENCES) to identify BAC ends with homology to
coding regions. BESs with matches in the Arabidopsis
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cDNA database (TBLASTX with a cutoff value of 107%)
were annotated with the original A. thaliana cDNA data-
base annotation. These BAC-end sequences were further
annotated by BLASTN comparison to the RefSeq plant
genomic database (downloaded from ftp:/ftp.ncbi.nih.
gov/refseq/release/plant/) with a cutoff value of 107°.
BESs without homology to sequences in any of the three
databases (plant repeat, Arabidopsis cDNA or RefSeq)
were annotated using the non-redundant protein data-
base (nr) (ftp://ftp.ncbinih.gov/blast/db/FASTA/) and
BLASTX with an E value cutoff of 107® and an align-
ment length of at least 34 amino acids.

Papaya-specific repeat sequences

The most abundant papaya-specific repeats were identi-
fied by comparing BESs lacking detectable homology to
the plant repeat database, Arabidopsis cDNAs, RefSeq
or nr against each other using BLASTN with an E value
cutoff of 107!°. Up to 1,000 unique subject IDs were col-
lected for each query and the BLAST results were
imported into a database. The query with the largest
number of matches (to other BESs) of at least 100 nt
alignment length, and all its matches, were removed from
the database. This procedure was repeated until the top
10 most frequent queries had been identified. These 10
queries were compared to the GenBank non-redundant
nucleotide database with BLASTN via the internet-
based server (http://www.ncbi.nlm.nih.gov/blast/) to
identify homologous sequences. Queries without homol-
ogy to any GenBank sequence and their matches were
clustered using ClustalX (Thompson et al. 1997) in an
attempt to identify consensus sequences.

Comparative genome mapping
Databases

Whole genome sequences of 4. thaliana (ftp://ftp.tigr.org/
pub/data/a_thaliana/athl/SEQUENCES/), rice (Oryza
sativa, ftp://ftp.tigr.org/pub/data/Eukaryotic_Projects/o_
sativa/annotation_dbs/pseudomolecules/version_3.0/) and
poplar (Populus trichocarpa, http://genome.jgi-psf.org/
Poptrl/Poptrl.download.ftp.html) were downloaded
from TIGR and the Joint Genome Institute and frag-
mented into 300 kb segments with 1,020 nucleotide
overlap.

Queries

Low-copy BAC end forward and reverse pairs were
selected from various BES datasets based on lack of
homology to the repeat database, and SSRs contained in
these BESs were masked. These paired “low-copy” BESs
were mapped to each of the fragmented plant genomes
using TBLASTX with an E value cutoff of 107, If the
highest scoring alignment of both the forward and
reverse read were in the correct orientation and sepa-
rated by at least 10 kb and not more than 300 kb in the
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target genome, the BAC was considered to be potentially
colinear with the target genome.

All papaya BESs were included in this analysis. In
addition, 12,000 Arabidopsis BESs were downloaded
from the TIGR website (ftp:/ftp.tigr.org/pub/data/a_
thaliana/bac_end_sequences/atends), and 38,245 Brassica
rapa and 50,000 Lycopersicon esculentum (tomato) BESs
were downloaded from NCBI (http:/www.ncbinlm.
nih.gov, Brassica rapa [ORGANISM] BAC “end
sequence”, lycopersicon [ORGANISM] BAC pBelo-
BACI11). The poplar genome was fragmented into arti-
ficial BACs of 120 kb in length and separated by 10 kb
gaps. Five-hundred nucleotides were collected from each
end of these artificial BACs to generate 7,135 artificial
poplar BAC end sequence pairs. Elimination of BESs
with plant repeat homologies generated 9,038 papaya,
3,648 Arabidopsis, 8,525 B. rapa, 10,394 tomato and
5,685 poplar BES pairs.

A subset of 185 Arabidopsis BES pairs was used to
validate the computational pipeline. SSRs were masked
and high-copy BESs with homology to the repeat data-
base were eliminated to yield 102 low-copy paired BAC
end sequences, which were mapped to the Arabidopsis
genome sequence using the same computational pipeline.

Results
BAC-end sequencing

A total of 50,661 BAC end sequence chromatograms
were generated from 26,017 BAC clones from the library
described by Ming et al. (2001). These BESs were base-
called and trimmed using PHRED with default settings,
yielding 39,590 high-quality BAC end sequences.
CROSS_MATCH was used to mask vector sequences,
and the masked terminal vector sequences were removed.
A total of 1,548 sequences that consisted entirely of vec-
tor sequence, and 2,570 BESs shorter than 50 bases were
eliminated to generate 35,472 high-quality sequences
from 20,842 BAC clones. The total number of high-qual-
ity bases is 17,483,563 or 4.7% of the papaya genome.
The trimmed sequences ranged from 50 to 899 nucleo-
tides with an average of 493 bases. Eighty-seven percent
of nucleotides had PHRED quality values > 20. The
G + C content of the BESs was 35%. All BESs of
length > 50 nucleotides were deposited to the GenBank
GSS database (accession numbers DX458351-
DX502755).

Plant repeat elements

Comparison of 35,472 high-quality BAC end sequences,
in which all simple sequence repeats had been masked, to
the plant repeat database revealed 5,733 (16.2%) end
sequences with homology to plant repeat elements
(Table 1). Class I retrotransposons represent the most
abundant repeats with a total of 4,773 (83.3%). BAC-end
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Table 1 Summary of plant repeat element content of 35,472 high-

quality BESs
Class Element No. Total
I (Retrotransposons)  Tyl-copia 1,425 4,773
Ty3-gypsy 1,389
LINE 420
Unclassified 1,539
retrotransposons
II (Transposons) CACTA, En/Spm 387 426
Mutator (MULE) 9
Mariner (MLE) 1
Unclassified 29
transposons
IIT (Miniature Gaijin/Gaigin 1 9
inverted-repeat p-SINE1 2
transposable MITE-adh, type D 3
elements) Micron 2
Pangrangja 1
Centromere-related Centromere-specific 220 242
sequences retrotransposons
Unclassified centromere 22
sequences
Telomere-related Telomere associated 7 19
sequences Telomere 12
Ribosomal RNA 45S rDNA 104 167
genes 5SrDNA 63
Unclassified Unclassified 97 97
Total 5,733

BESs were compared with the TIGR plant repeat database and cat-
egorized based on the TIGR Codes for Plant Repetitive Sequences.
The total number of BESs with homology to each class and repeat
element is listed

sequences homologous to retrotransposons were further
classified as long terminal repeat-containing Tyl-copia
(24.9%) and Ty3-gypsy (24.2%), or LINE (7.3%); 1,539
(26.8%) of the retrotransposons could not be clearly
assigned to a specific group (Table 1). The next most
abundant repeats were 426 (7.4%) class II transposons.
Only 9 MITEs were found. Unclassified plant repeat ele-
ments accounted for 1.7% (97) of all repeat elements.
Other known plant repeat elements that could be identi-
fied in the papaya BES data include rDNA (2.9%) as well
as centromere (242 = 4.2%) and telomere (19 = 0.3%)
related repeats. A search of the high-quality BES set
(obtained from 20,842 different BACs) with the Arabid-
opsis chloroplast genome identified 290 BESs from 230
different BACs (1.1%) as likely chloroplast-derived.

Coding regions

Only the 29,703 BESs without homology to the plant
repeat database were included in the following analyses.
Of these, 6,769 (representing 19.1% of the total high-
quality BESs) were homologous to at least one A. thaliana
cDNA. In 2,659 cases (39.3% of BESs with an
Arabidopsis match) the best match was annotated as
“putative”, “unknown”, “hypothetical”, or “expressed
protein”. Homologies to RefSeq genomic sequences were
found in 796 BESs (2.2%) with no homology to any

A. thaliana cDNA. Of those BESs for which no homolog
was identified in the plant repeat, Arabidopsis cDNA or
RefSeq genomic databases, only 520 BESs (1.5%) had
detectable homologs in the nr protein database.

Papaya-specific repeat sequences

BAC end sequences that had no homology in the TIGR
plant repeat, Arabidopsis cDNA, RefSeq genomic or
non-redundant protein database, were grouped based on
homology. Examination of the 10 largest clusters
revealed 6 that had clear homology to the Carica papaya
male-specific region of the Y chromosome (MSY)
sequences cpsm54 (gi|37992834), cpsm49 (gi|37992830)
and cpbe55 (gi|37992870), which match 767, 161 and 120
BESs, respectively (Table 2). In addition, four previously
unknown papaya-specific repeats that match 140, 116,
106 and 103 BESs were identified among these uncharac-
terized sequences.

Simple sequence repeats

A total of 7,456 SSRs of at least 12 nucleotides in length
were identified in 5,452 (15.4%) BESs (Table 3). Of these
SSRs, 1,174 (15.7%) span > 20 nucleotides and thus rep-
resent hypervariable markers. The SSRs consist to 22.9,
37.8,17.7, and 21.5% of mono-, di-, tri-, and tetranucleo-
tide tandem repeats, respectively. Thus dinucleotide
repeats are the most abundant class of microsatellites,
followed by homopolymers. Poly(T) and poly(A) are the
most abundant homopolymers, representing 882 (51.6%)
and 736 (43.1%) of all homopolymers, respectively.
While poly(AT) (1,137 or 40.3%) and poly(TA) (844 or
29.9%) are the most abundant dinucleotide repeats,
poly(AG) and poly(GA) make up some of the longest
microsatellites (Fig. 1). Poly(CG)/(GC) were rarely found.

Table 2 Annotation of the ten most abundant papaya-specific
repeats

Repeat BES No. Homology
1 30B-Cl12.r 305 2i|37992834 C. papaya isolate
cpsm54 Y male-specific seq.
2 35C-A09.r 178 2i|37992834 C. papaya isolate
cpsm54 Y male-specific seq.
3 47A-Cllr 177 2i|37992834 C. papaya isolate
cpsm54 Y male-specific seq.
4 4B-F10.r 161 2i|37992830 C. papaya isolate
cpsm49 Y male-specific seq.
5 S3A-Ellf 140 Novel
6 44C-Hl12.r 120 2i|37992870 C. papaya isolate
cpbeSS5 Y male-specific seq.
7 94B-GO03.r 116 Novel
8 46C-Cll.r 107 £i|37992834 C. papaya isolate
cpsm54 Y male specific seq.
9 28D-B03.r 106 Novel
10 25C-HO06.f 103 Novel

Repeats are numbered consecutively from most to least abundant
BES BAC end sequence used as query, No. number of BESs with
homology to query BES, Homology sequence accession number and
description of closest GenBank homolog



Table 3 Distribution of SSRs in BAC ends with cDNA, repeat or no known homology (other)

Total # SSR cDNA (19.1%) Repeat (16.2%) Other (64.7%)
Mono
Total 1,708 252 (14.8%) 90 (5.3%) 1,366 (80.0%)
AIT 1,618 246 (15.2%) 87 (5.4%) 1,285 (79.4%)
CIG 90 6 (6.7%) 3 (3.3%) 81 (90.0%)
Di
Total 2,819 431 (15.3%) 105 (3.7%) 2,283 (81.0%)
AT/TA 1,981 289 (14.6%) 77 (3.9%) 1,615 (81.5%)
AG/GA 264 51 (19.3%) 3 (1.1%) 210 (79.5%)
CT/TC 286 41 (14.3%) 10 (3.5%) 235 (82.2%)
Other 288 50 (17.4%) 15 (5.2%) 223 (77.4%)
Tri
Total 1,323 289 (21.8%) 80 (6.0%) 954 (72.1%)
AAT/ATA/TAA 269 27 (10.0%) 10 (3.7%) 232 (86.2%)
TTA/TAT/ATT 271 24 (8.9%) 20 (7.4%) 227 (83.8%)
Other 783 238 (30.4%) 50 (6.4%) 495 (63.2%)
Tetra
Total 1,606 218 (13.6%) 97 (6.0%) 1,291 (80.4%)
AATT/ATTA/TTAA/TAAT 376 37 (9.8%) 12 (3.2%) 327 (87.0%)
Other 1,230 181 (14.7%) 85 (6.9%) 964 (78.4%)

BAC ends with cDNA or plant repeat homology represent 19.1 and 16.2% of the total, respectively. The percentage of each SSR type and
selected patterns within these classes of BESs are shown (for more details please refer to http://www.genomics.hawaii.edu/papaya/BES/).
Note: all SSRs are listed, even where multiple SSRs exist in a single BES

Poly(AAT) and poly(ATT) are the most abundant trinu-
cleotide repeats, representing 12.2% (161) and 9.0% (119)
of that class. The longest trinucleotide repeat is a
poly(TTA) of 60 bases. Poly(AATT) and poly(AAAT)
are the most abundant tetranucleotide repeats, represent-
ing 9.7% (156) and 8.1% (130) of that class (data not
shown). AT-rich SSRs were consistently found to be
more abundant than GC-rich SSRs.

Of the 5,452 BESs containing one or more SSRs,
16.9% (922) and 5.8% (318) had homology to Arabidopsis
cDNAs or known plant repeats, respectively. Since 19.1
and 16.2% of all BESs have homology to cDNAs and

Fig. 1 Characterization of all
microsatellites detected in

plant repeats, respectively, it appears as though SSRs are
slightly underrepresented in coding regions, very much
underrepresented in elements of the plant repeat data-
base and overrepresented in the remaining BESs (64.7%).
Some trinucleotide repeats appear to be enriched in
BESs with homology to cDNAs and may thus constitute
better markers for gene-rich regions (Table 3).

Comparative genome mapping

After elimination of papaya BESs with homology to the
plant repeat database, 9,038 BAC-end forward and

SSR length and abundance in 35,472 high quality C. papaya BAC end sequences
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reverse pairs remained. These paired BAC ends were
subsequently mapped to the A. thaliana, Populus tricho-
carpa and Oryza sativa genomes. The paired BAC ends
had to map between 10 and 300 kb in the heterologous
genome and be oriented properly with respect to each
other in order to be considered as potentially colinear
with the target genome. These conditions were met by
53 (0.6%), 167 (1.8%) and 11 (0.1%) of the papaya BAC
end sequence pairs in the Arabidopsis, poplar and rice
genomes, respectively (Table 4).

The Populus genome not only yielded the most
mapped papaya BAC-end sequence forward and reverse
pairs, but it was also the only one in which the majority
of BES pairs spanned a distance that approximates the
insert size of the papaya BAC library. In contrast, few
papaya BES pairs mapped to within 300 kb in the Ara-
bidopsis genome, and most of those spanned only 50 kb
or less of Arabidopsis sequence. Seventeen paired papaya
BAC ends could be mapped in both Arabidopsis and
poplar, and thus enabled direct comparison of the corre-
sponding regions from those two genomes relative to the
papaya genome. Of these, 14 spanned an average 3.27
times larger region in poplar than Arabidopsis (extremes
measured from 1.48-6.86 times larger). The small num-
ber of papaya BAC end sequences that co-mapped to the
rice genome mostly spanned shorter than expected

regions, although three of them spanned between 80 and
130 kb. Details of the number of BES pairs with BLAST
matches in the target genome, mapped to the same chro-
mosome, in the correct orientation and within 10-300 kb
of each other are provided in Table 4.

To validate the methodology, several additional sets
of BES pairs were mapped to the completed plant
genomes. First, 102 Arabidopsis BAC end sequence pairs
that met the same criteria were mapped onto the Arabid-
opsis genome. Ninety-four of these BAC end pairs were
mapped successfully, and most of them (89) mapped to
regions separated by between 80 and 140 kb, which
approximates the average insert sizes (100 kb) of the
TAMU (Choi et al. 1995) and IGF Arabidopsis BAC
libraries (Mozo et al. 1998). Second, 8,525 Brassica rapa
BES pairs were mapped to the Arabidopsis genome, and
more than 50% of these pairs were localized within
300 kb of each other. Third, Arabidopsis and Brassica
BES pairs were mapped to the more distantly related
poplar genome. In this wider comparison, only about 1%
of Arabidopsis and B. rapa BES pairs co-localized within
300 kb in the poplar genome. In contrast, 15.9% of
papaya BES pairs (also order Brassicales) with homol-
ogy to the poplar genome co-mapped within 300 kb,
indicating a major difference in genome organization
between members of the Brassicales and suggesting a

Table 4 Paired BAC ends statistics for different stages of comparative genome mapping

No. of non-  with BLAST matches on same in the correct ~ within Overall  Average
repeat BES  in heterologous chromosome  orientation 300 kb % distance (kb)
pairs... genome (1) and or contig (2) (3) and @) between
and paired BESs
Eurosids II versus
eurosids I
Papaya versus 9,038 1,048 (11.6%) 283 (27.0%) 201 (71.0%) 167 (83.1%) 159 74.0
poplar
Brassica versus 8,525 2,056 (24.1%) 253 (12.3%) 155 (61.3%) 20 (12.9%) 1.0 165.7
poplar
Arabidopsis versus 3,648 633 (17.4%) 97 (15.3%) 56 (57.7%) 5(8.9%) 0.8 230.0
poplar
Within Brassicales
Papaya versus 9,038 774 (8.6%) 276 (35.7%) 150 (54.3%) 53(353%) 6.8 46.4
Arabidopsis
Poplar versus 5,685 263 (4.6%) 84 (31.9%) 54 (64.3%) 19 (352%) 72 347
Arabidopsis
Within Brassicaceae
Arabidopsis versus 102 99 (97.1%) 98 (99.0%) 96 (98.0%) 94 (97.9%) 949 97.0
Arabidopsis
Brassica versus 8,525 3,889 (45.6%) 2,790 (71.7%) 2,395 (85.8%) 2,049 (85.6%) 52.7 1351
Arabidopsis
Euasterid versus
eurosids
Tomato versus 10,394 408 (3.9%) 141 (34.6%) 83 (58.9%) 31(37.3%) 7.6 453
Arabidopsis
Tomato versus 10,394 470 (4.5%) 84 (17.9%) 54 (64.3%) 37 (68.5%) 79 117.3
poplar
Eudicot versus
monocot
Papaya versus rice 9,038 620 (6.9%) 109 (17.6%) 44 (40.4%) 11 (25.0%) 1.8 47.0

Low-copy BES pairs of five plant species were analyzed in sequential steps consisting of (1) mapping to optimal position in heterologous
genome using BLAST, (2) identifying paired BAC ends that map to the same chromosome, (3) confirming proper orientation with respect
to each other and (4) confirming localization to within 300 kb of each other. The percentage for each step is derived relative to the number
of BES pairs from the previous stage. Arabidopsis BESs were mapped to the Arabidopsis genome as a control



higher degree of colinearity between papaya and poplar
than within the Brassicales. This is confirmed by similar
success rate of co-mapping papaya and poplar BES pairs
in the Arabidopsis genome. Finally, tomato (order Sola-
nales) BES pairs were mapped to both Arabidopsis and
poplar with a similarly low success rate.

Significantly, the elevated level of co-mapping BAC
end pairs observed in the Arabidopsis—Arabidopsis, Bras-
sica—Arabidopsis and papaya—poplar comparisons corre-
lates with the distance that separates the paired BAC
ends in the heterologous genome (Fig. 2), indicating that
they may represent truly colinear regions. Further sup-
port for colinearity comes from the fact that the propor-
tion of BES pairs in the correct orientation is correlated
with the phylogenetic relationship of the organisms, e.g.
85.8% of Brassica BES pairs are oriented correctly in the
Arabidopsis genome as compared with 35% of papaya
BES pairs. However, even the papaya-rice comparison
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yields higher than random (25%) BES pairs in the proper
orientation. With only two exceptions (Arabidopsis and
Brassica), paired BESs were separated by much less than
an average BAC insert size (100 kb) in the Arabidopsis
genome.

Discussion
Papaya BAC-end sequencing

More than 70% of BAC end sequence attempts yielded
usable sequence data. A small percentage (3.9%) of BESs
consisted entirely of vector sequence and likely origi-
nated from empty BAC clones. The estimate of empty
clones for the two halves of the library obtained by
restriction digest analysis of a relatively small number of

a)
Distribution of co-mapped BES pairs in heterologous plant genomes
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140 OBrassica BES vs. Arabid fd
W Papaya BES vs. poplar genome
120 M Arabidopsis BES vs. poplar genome
Papaya BES vs. Arabidopsis genome
- Papaya BES vs. rice genome
= 100 Poplar BES vs. Arabidopsis g
g M Brassica BES vs. poplar genome
w2 80 B Tomato BES vs. poplar genome
= B Tomato BES vs. Arabidopsis genome
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Distance between BAC end pairs (kb)

b)

Monocots

Fig. 2 Phylogenetic relationships do not always predict genome
colinearity. a Distribution of BES pairs that are correctly oriented
and located within 10-300 kb of each other in the heterologous ge-
nome. The number of BES pairs mapped to heterologous plant ge-
nomes is plotted against the distance separating the two BAC ends
in the target genome. Low-copy BAC-end forward and reverse se-
quence pairs (9,038) of papaya were mapped to the Arabidopsis tha-
liana, Populus trichocarpa, and Oryza sativa genomes. Low-copy
Brassica rapa, tomato and Arabidopsis BES pairs were mapped onto
the Arabidopsis and poplar genomes. Poplar BESs generated in silico

Arabidopsis thaliana (Brassicales, Brassicaceae)
Brassica rapa (Brassicales, Brassicaceae)
Carica papaya (Brassicales, Caricacea)
Gossypium (Malvales)

Prunus persica (Rosales)

Populus trichocarpa (Malpighiales)

Solanum esculentum (Solanales)

were processed identically and mapped onto the Arabidopsis thali-
ana genome to determine if co-mapped BES pairs represent colinear
genomic regions. A set of low-copy Arabidopsis BESs was identically
processed and compared with the Arabidopsis thaliana genome se-
quences as a control for the mapping process. Thirty-nine B. rapa
BES pairs that mapped to poplar scaffold 6399 (chloroplast) were
excluded. b Phylogenetic relationships of the species examined in a.
Estimated times of divergence for nodes 1-7 are 161, 125, 109, 96, 90,
68-72 (Wikstrom et al. 2001), and 14-24 MYA (Yang et al. 1999),
respectively
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clones was 3.5 and 4.6% (Ming et al. 2001), which is in
agreement with the BAC end sequence data. Ming et al
(2001) also assayed the number of BACs derived from
plastid DNA by hybridizing filters with the sorghum rop
and trunk genes, and counted 504 positive clones among
36,864 colonies screened, or 1.37%. A BLAST homology
search of the BESs under fairly stringent conditions
revealed a comparable percentage (1.1%) of likely chlo-
roplast-derived BACs.

Simple sequence repeats

Simple sequence repeats (or microsatellites) are a class of
molecular marker that, due to their high level of poly-
morphism and simple assay, are widely used for generat-
ing genetic maps. The majority of papaya genetic maps
constructed to date have employed less informative
AFLP markers (Kim et al. 2002; Van Droogenbroeck
etal. 2002; Ma et al. 2004). The 7,456 potential SSR
markers discovered in this project constitute a welcome
addition to the papaya breeder’s toolbox. In order to
promote use of these newly discovered markers, we pro-
vide computationally derived flanking primers that can
be used to PCR-amplify 2,575 of the SSRs discovered in
this project at (http://www.genomics.hawaii.edu/cgi-bin/
papaya/BES/ssrNP.cgi).

The most abundant SSRs in all four size categories
were AT-rich, i.e. poly(A) and poly(T) (representing 94.7%
of all homopolymers of length > 12); poly(AT) and
poly(TA); poly(AAT) and poly(ATT); and poly(AATT)/
poly(TTAA). This is in agreement with previous reports of
microsatellite abundance in other species: poly(AT)/(TA)
and AT-rich trinucleotide repeats were the most abundant
repeats of their class in A. thaliana and yeast (Katti et al.
2001). However, as Temnykh et al. (2001) point out, the
majority of poly(AT) repeats in rice do not amplify
cleanly, possibly because most lie in non-coding regions
and are frequently associated with repeat elements. In
agreement with the findings in rice (Temnykh et al. 2001),
where AT-rich di- and trinucleotide repeats are overrepre-
sented in intergenic regions, these repeats are underrepre-
sented in papaya BESs that have cDNA homologies.

Longer microsatellites, also known as class I (at least
20 nt) are more likely to be hypervariable and thus poly-
morphic. Dinucleotide repeats in general, and specifically
poly(AQG) and poly(GA) repeats, were among the longest
found in papaya, the longest being 70 bases of pure
poly(AG). Most tetranucleotide repeats (95.6%) are less
than 20 bases long and thus unlikely to be highly poly-
morphic. Consistent with the data of Katti et al. (2001),
the frequencies of all mono-, di-, tri-, and tetranucleotide
tandem repeats were found to decrease exponentially
with increasing microsatellite length (Fig. 1), which may
be an indication of selective pressures against very long
tandem repeats.

Similar to what was observed for Rosaceae ESTs
(Jung et al. 2005), dinucleotide repeats represent the
most abundant of the four microsatellite classes. Trinu-
cleotide tandem repeats are least abundant in papaya

BAC-end sequences, but those that do not consist
entirely of AT nucleotides are enriched in BESs with
cDNA homology. This enrichment of trinucleotide
repeats in putative coding regions of ESTs was also
observed for the Rosaceae (Jung et al. 2005), and may be
due to a higher tolerance to trinucleotide repeats in pro-
tein coding regions, since they do not shift the open read-
ing frame during expansion or contraction (Katti et al.
2001). However, disruption of protein structure may lead
to the suppression of the trinucleotide tandem repeats
(Temnykh et al. 2001). With the exception of trinucleo-
tide repeats, all SSRs were overrepresented in the BESs
that have no homology to the cDNA or repeat data-
bases.

Plant repeat elements

Known plant repeats were discovered in more than 16% of
the papaya BESs, and more than 90% of these repeats are
transposons. The transposon content of papaya thus
appears to be intermediate between that of rice (35%, Inter-
national Rice Genome Sequencing Project 2005) and Ara-
bidopsis (10%, The Arabidopsis Genome Initiative 2000).
However, the detection of repeat elements discovered in
papaya BESs may be biased significantly by the restriction
enzyme used to generate the BAC clones. Several novel
repeats were identified in the papaya BESs, which appear
to account for a significant portion of the papaya genome.
The intermediate size of the papaya genome compared
with that of rice (430 Mbp) and Arabidopsis (125 Mbp)
may, in part, be accounted for by these repeat elements.
Most known plant repeat elements that have been
found in other organisms were also found in papaya
BESs. Retrotransposons, which were found in 13.5% of
all papaya BESs, are the most abundant repeat elements.
The ratio of Ty3-gypsy to Tyl-copia retrotransposons in
papaya BESs is 1:1 and resembles that of the Arabidopsis
genome (The Arabidopsis Genome Initiative 2000) and
maize BESs (Messing et al. 2004). In contrast, this ratio
in the rice genome was reported to be around 2:1 (Inter-
national Rice Genome Sequencing Project 2005).

Gene content of papaya BESs

A total of 6,769 BESs (or 19.1% of the total) exhibited
sequence homology to the Arabidopsis cDNAs and could
be used to rapidly clone candidate genes from the BAC
library. Based on an estimated genome size of 372 Mbp
for papaya, and an average gene length (2 kb) similar to
that of Arabidopsis (The Arabidopsis Genome Initiative
2000), the 19.1% BESs with cDNA homology suggest a
total cDNA coding capacity of 71.1 Mbp and a total
gene content of 35,526. Combining the SSR with cDNA
data allows selection of SSRs from gene-rich regions,
which may be particularly useful for mapping studies.
Most protein homologies are accounted for by the Ara-
bidopsis cDNA database. Only 1.5% of the high-quality
BESs had a match in the NCBI nr database but not in
the cDNA, RefSeq or plant repeat databases.


http://www.genomics.hawaii.edu/cgibin/papaya/BES/ssrNP.cgi
http://www.genomics.hawaii.edu/cgibin/papaya/BES/ssrNP.cgi
http://www.genomics.hawaii.edu/cgibin/papaya/BES/ssrNP.cgi

Papaya-specific repeats

Clustering of the BAC end sequences without matches in
any of the four databases examined, revealed several
known (mostly sex chromosome-specific) and novel
papaya-specific repeats. Examination of the 10 largest
clusters, which account for 1,513 BESs (or 4.3% of the
total number of high-quality BESs) revealed that six of
these papaya-specific repeats have homology to known
sex-linked markers from the papaya Y chromosome;
these BACs may have originated from that chromosome.
In addition, four previously unknown papaya-specific
repeats were identified and their addition to the Plant
Repeat Database should be considered. Fluorescent
in situ hybridization experiments may reveal interesting
genomic distribution patterns for these novel repeats.

Comparative genome mapping

Forward and reverse BES read pairs represent sequence
tags separated by the length of a BAC (generally around
100 kb or more). When these tags consist of single- or low-
copy sequences, they can be mapped unambiguously to
completely sequenced heterologous genomes to establish
a measure of microsynteny or colinearity. Microsynteny
has been well documented between member species of the
same plant families (e.g. Solanaceae, Poaceae), where it
has been exploited to identify candidate genes in the het-
erologous species (Yan et al. 2003; Huang et al. 2005).
Despite the fact that detection of colinearity is compli-
cated by genome duplications and subsequent gene loss in
the lineages leading to both of these organisms, limited
colinearity has been observed even between plants from
different orders, such as cotton and Arabidopsis (Rong
et al. 2005), which are estimated to have diverged approxi-
mately 90 MYA (Fig 2b; Wikstrom et al. 2001; Rong
et al. 2005). Zhu et al. (2003) detected highly degenerate
microsynteny between Medicago and Arabidopsis, which
are as distantly related as poplar and Arabidopsis (last
common ancestor ca 109 MYA—see Fig. 2b).

We mapped non-repeat-containing papaya BES pairs
to the three completely sequenced plant genomes (4. tha-
liana, Populus trichocarpa and Oryza sativa) to determine
the extent of colinearity between papaya and these species.
BES pairs that are mapped to within 300 kb of each other
and oriented correctly in the heterologous genome were
considered to span potentially colinear regions. We vali-
dated our computational pipeline and identified its limita-
tions by attempting to map 102 Arabidopsis BES pairs to
the Arabidopsis genome. Poor sequence quality of four
BESs prevented the mapping of three of the pairs. Paired
reads were mapped in the correct orientation and within a
10-300 kb range 95% of the time. In two cases BESs of the
same pair were located < 10 kb apart, in another case one
BES was mismapped due to multiple matches of equal or
better E value to a second locus and in two cases the
paired reads were in the wrong orientation. Most of these
errors appear to be due to tracking errors associated with
these earliest of plant BES data sets.
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We next mapped B. rapa BESs against the Arabidop-
sis genome. Both of these species are in the Brassicaceae
family (order Brassicales) that diverged an estimated
14.5-204 MYA (Yang et al. 1999). Almost 53% of all B.
rapa BES pairs that could be mapped to the Arabidopsis
genome were located in the correct orientation and
within 300 kb of each other.

Papaya is a member of the sister family Caricaceae,
which is a basal family within the order Brassicales. As
expected, papaya BESs mapped to the Arabidopsis
genome at a lower frequency (6.8%) than the B. rapa
BES pairs. This drop in colinearity suggests at first
glance that significant colinearity between species is lim-
ited to members of the same family. However, a compar-
ison of papaya BES pairs with the more distantly related
poplar genome (order Malpighiales) yielded a higher
level of colinearity (15.9%). This higher proportion of
BES pairs mapped to poplar as compared with Arabid-
opsis is not due to a novel repeat element shared by
papaya and poplar, as more than 90% of the 334 BESs
mapped to the poplar genome have homologs in the Ara-
bidopsis cDNA (290 BESs) or nr (8 BESs) database. Fur-
thermore, the region spanned by the paired BAC ends in
poplar (10-160 kb) was more similar to the papaya BAC
insert size than the generally shorter (10-50 kb) Arabid-
opsis region (Fig.2). This fact, which may be due to
genome reduction in Arabidopsis, plus the fact that the
number of co-mapped pairs for Arabidopsis are signifi-
cantly lower, suggest that, of the three completed plant
genomes currently available, the poplar genome may be
the most suitable for comparative genomics with papaya.

The fact that more papaya BACs appear to be colin-
ear with poplar than with Arabidopsis is somewhat sur-
prising, given current understanding of the taxonomy of
these species: both papaya and Arabidopsis are members
of the order Brassicales in the eurosids II group, whereas
poplar is a member of the Malpighiales in the eurosids I
group (Judd et al. 2002). Thus, a higher number of colin-
ear BES pairs would be expected for the papaya—Arabid-
opsis than papaya—poplar comparison. However, the
basal position of the Caricaceae family within the order
Brassicales (Judd etal. 2002; Fig.2b), may partially
account for the apparently higher colinearity of papaya
with poplar.

The most important factor in the reduced colinearity
between papaya and Arabidopsis may be a recent (pre-
dating the divergence from Brassica) duplication of the
Arabidopsis genome that was followed by loss of approx-
imately 70% of the duplicated genes (Bowers et al. 2003).
As evidenced by the small genome size of Arabidopsis,
this lineage may be unusually adept at eliminating dupli-
cated genes and may thus represent a particularly unsuit-
able genome to use as a template for comparative
genomics. Assuming random loss, the probability of pre-
serving both members of a progenitor BES pair in the
Arabidopsis genome would be 0.3? or 9%, close to the 7%
observed. Note that this assumes no similar event (i.e.
genome duplication followed by gene loss) in papaya.
Large-scale genome duplication in the past 70 million
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years has been documented for many crop species,
including grasses, tomato, potato and soybean (Schlueter
et al. 2004). In this context it is noteworthy that sex chro-
mosomes, such as the one that appears to be evolving in
papaya and other Caricaceae (Liu et al. 2004), present a
roadblock to polyploidization and may thus have acted
to maintain a more ancestral genome in papaya.

While Arabidopsis, Brassica and Carica are all rosids,
Lycopersicon is a member of the asterids (order Sola-
nales). The last common ancestor of tomato and the
Brassicales existed approximately 125 MYA. Tomato
BES pairs, when mapped to the Arabidopsis and poplar
genomes, co-localized to within 300 kb at similar rates
(7.6 and 7.9%, respectively).

The overall amount of colinearity appears to be quite
low in all comparisons: even in Populus trichocarpa,
which showed the highest number of co-mapped papaya
BAC end pairs, only 1.8% of all “low-copy” BAC end
pairs map to within 300 kb of each other. This is largely
due to the fact that between 88.4% (poplar) and 93.1%
(rice) of papaya BES pairs could not be mapped unam-
biguously using BLAST, presumably in part because the
BES consisted of a species-specific repeat that was not
present in the plant repeat databases used (note, for
example, the large number of novel repeats discovered in
papaya).

In all heterologous genomes the proportion of paired
BAC ends that mapped to the same chromosome and
within 300 kb of each other exceeded that expected by
random chance. For example, in Arabidopsis (with five
chromosomes), the probability of any two random BAC
ends mapping to the same chromosome is 20.55%
(adjusted for the variation in chromosome size), yet for
more than 35% of BAC end pairs both ends mapped to
the same chromosome. The orientation of the paired
BAC ends mapping to the same chromosome, if random,
is expected to be correct 25% of the time. This value is
exceeded in all comparisons, but more closely related
species exhibit higher values (e.g. Brassica—Arabidopsis
= 86%). When mapped to the poplar genome, the
papaya BES pairs are oriented correctly in 10% more
cases than paired BESs of the Brassicaceae. Further-
more, in poplar more than 83% of paired papaya BAC
ends that map to the same chromosome and are oriented
correctly lie within 300 kb of each other, even though the
probability of any two BESs lying within this distance is
only 1.85% (adjusted for the differing sizes of the 19 link-
age groups). In contrast, Brassicaceae BES pairs map to
the same 300 kb poplar interval in only about 10% of
cases—still above random levels but far less than the
83% observed for papaya.

We emphasize that the co-mapping of paired BESs to
within 300 kb in the heterologous genome does not nec-
essarily reflect complete colinearity of all intervening
sequences. However, the high proportion of co-mapped
BAC ends in the correct orientation, as well as the corre-
lation of the distance between co-mapped BAC ends
with the size of the heterologous genome (compare
tomato vs. Arabidopsis and tomato vs. poplar) support

the notion that these regions may indeed be largely colin-
ear. The availability of only three completely sequenced
and distantly related plant genomes limits the number of
comparisons in which this can be examined in detail.
Closer examination of the 19 potentially colinear pop-
lar—Arabidopsis regions revealed only limited and degen-
erate colinearity, similar to what was observed for
peach—Arabidopsis comparisons by Georgi et al. (2003).

Remarkably, three peach BACs (GenBank accession
numbers AC154900.1, AC154901.1 and AF467900.1)
showed extensive colinearity with the poplar genome
(supplementary Fig. 1). Peach (Prunus persica) and pop-
lar shared a common ancestor at 94-98 MYA
(Wikstrom et al. 2001 and Fig. 2b) and, if these three
BAC:s are representative of the peach genome, colinear-
ity between these two species is high and poplar will
serve as an excellent template on which to assemble
peach genome sequence. Definitive evaluation of the
exact extent of colinearity between papaya and poplar
will have to await the generation of long contiguous
stretches of papaya genome sequence.

We show that significant microsynteny can be detected
beyond the family level and is not always congruent with
our current understanding of phylogenetic relationships.
In fact papaya, a basal member of the Brassicales, exhib-
its a higher level of apparent colinearity with the poplar
(est. divergence 109 MYA) than with the Arabidopsis
genome (est. divergence 70 MYA), suggesting that the
Arabidopsis genome has been subjected to more extensive
rearrangements, most likely to the documented recent o
duplication event followed by large-scale gene loss. How-
ever, factors, such as long generation time and mating
strategy (self-pollinators vs. outcrossers), may contribute
to the higher apparent colinearity we observed between
the papaya and poplar genomes. Inbreeding species, such
as Arabidopsis, may be significantly more tolerant to
major genome rearrangements (e.g. Robertsonian trans-
locations) than obligate outcrossers.

The depth of sequence coverage that must be
obtained for each plant family thus depends in part on
the reproductive biology of its members. In general, it
might be prudent to sequence to completion one member
of each plant family, and generate BAC frameworks for
other family members that can be used to clone species-
specific candidate genes. This may be particularly effec-
tive in the Rosaceae family, which includes many fruit
tree crops. In some cases, where genome rearrangements
occur at significantly slower rates than in Arabidopsis, a
complete genome from a sister family may suffice for
comparative genomics purposes.

Conclusion

The papaya BAC end sequences described here reveal a
plant genome containing all of the major repeat classes, a
gene set similar to that of A. thaliana, large numbers of
useful microsatellites, several novel papaya-specific



repeats and a surprising amount of colinearity with the
poplar genome. These sequences will provide a valuable
resource for future physical mapping or whole genome
sequencing efforts. The microsatellite markers discovered
in these BESs will accelerate the construction of a new
generation of genetic maps.
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